The high 3 He/ 4 He ratio of volcanic rocks thought to be derived from mantle plumes is taken as evidence for the existence of a mantle reservoir that has remained largely undegassed since the Earth's accretion [1] [2] [3] . The helium isotope composition of this reservoir places constraints on the origin of volatiles within the Earth and on the evolution and structure of the Earth's mantle. Here we show that olivine phenocrysts in picritic basalts presumably derived from the proto-Iceland plume at Baffin Island, Canada, have the highest magmatic 3 He/ 4 He ratios yet recorded. A strong correlation between 3 He/ 4 He and 87 Sr/ 86 Sr, 143 Nd/ 144 Nd and trace element ratios demonstrate that the 3 He-rich endmember is present in basalts that are derived from large-volume melts of depleted upper-mantle rocks. This reservoir is consistent with the recharging of depleted upper-mantle rocks by small volumes of primordial volatile-rich lower-mantle material at a thermal boundary layer between convectively isolated reservoirs. The highest 3 He/ 4 He basalts from Hawaii and Iceland plot on the observed mixing trend. This indicates that a 3 He-recharged depleted mantle (HRDM) reservoir may be the principal source of high 3 He/ 4 He in mantle plumes, and may explain why the helium concentration of the 'plume' component in ocean island basalts is lower than that predicted for a two-layer, steady-state model of mantle structure.
Ocean island basalts (OIB) derived from mantle plumes commonly have 3 He/ 4 He ratios that are higher than mid-ocean ridge basalts (MORB) that originate in the upper, asthenospheric mantle [1] [2] [3] He and solar-like Ne isotope ratios 4 reflect a higher proportion of primordial volatiles in the source region and, in the current paradigm, indicate that plumes tap a deep mantle reservoir that is significantly less degassed than the asthenospheric mantle. Although a number of locations have been proposed for this reservoir 5 , a lower mantle that has been convectively isolated below the 670-km seismic discontinuity for the lifetime of the Earth 6 is consistent with the mass balance of the depleted mantle and continental crust 7 . However, layered mantle models are seemingly at odds with seismic studies that demonstrate convective flow across the 670-km boundary 8 and require a 100-to 200-fold depletion of the He concentration in the upper, degassed mantle relative to the deep undegassed mantle reservoir 6 . Plume-derived OIB from, for example, Loihi seamount, Hawaii, have lower He concentrations than basalts from the degassed upper mantle 2 and have posed a persistent problem for a unified geochemical model of Earth structure 6 . The apparent paradox can be explained, at least in part, by more extensive degassing of ocean island basalts 9 . However, basalts from Iceland and the Hawaiian islands have linear, rather than strongly hyperbolic, He-Pb isotope mixing arrays that are consistent with relatively small He concentration contrasts between the degassed mantle and less degassed (high 3 16 . The high ratios cannot result from contamination by in situ cosmogenic 3 He because (1) in vacuo crushing does not release cosmogenic He from the olivine lattice 17 , (2) cosmogenic 3 He production was negligible because the samples were collected from eroding, near-vertical sea cliff faces, and (3) the 3 He/ 4 He of powders produced by crushing are systematically lower than crush values (Table 1) indicating that radiogenic He dominates the olivine lattice. Nucleogenic 3 He production from 6 Li is negligible in Palaeocene basalts 16 . Crush release of radiogenic 4 He in the olivine lattice and melt inclusions by post-eruptive U and Th decay tends to lower 3 He/ 4 He, so measured ratios may underestimate the source 3 He/ 4 He. Any such effect would be most pronounced in samples with the lowest He content. 3 Nd that are best attributed to crustal contamination. As crustal contamination is expected to lower 3 He/ 4 He, we conclude that crush-release He is insensitive to any contamination. The inability of magmatic or post-magmatic processes to alter He isotope ratios, and the strong correlation with Sr and Nd isotopes and trace elements (see below), means that the sample (PI/25) with the highest helium isotope ratio provides the best estimate yet (49.5^1.5R a ) of the minimum He isotope composition of the less degassed mantle reservoir.
The olivine 3 Sr and trace-element ratios such as La/Sm (see Fig. 1 Sr by less than 0.007% and 143 Nd/ 144 Nd by less than 0.002%. Uncertainties (2j) are in the last decimal place. Rare-earth element concentrations were measured by ICP-MS 29 . (La/Sm)n is chondrite normalized, and has an uncertainty of^3% (2j). Nb, Y and Zr concentrations were measured in triplicate by X-ray fluorescence and the averages used 24 . DNb ¼ 1:74 þ logðNb=YÞ 2 1:92 £ logðZr=YÞ 30 . Uncertainty in DNb never exceeds^10%. letters to nature
